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Abstract We used established long-term experi-
mental P-amended plots in freshwater marshes of
northern Belize to determine the impact of P input on
nitrogen (N) fixation. Marshes with different conduc-
tivities and sulfate concentrations were selected to
elucidate the effect of salinity and the contribution of
sulfur reducing bacteria to the overall N fixation.
Rates of N fixation in sediment, roots, and cyanobac-
terial mats was measured in laboratory incubation
experiments (acetylene reduction assay calibrated by
15N2 reduction assay) with and without the addition of
sodium molybdate (sulfur reducing bacteria inhibi-
tor). P has increased macrophyte primary production
significantly, which led to the rapid elimination of
cyanobacterial mats and the elimination of autotro-
phic N fixation. P addition enhanced heterotrophic
N fixation in both the sediments and rhizosphere due
primarily to increased C supply to the sediment.
When expressed on a dry weight basis, root associated
N fixation was higher than sediment N fixation, but
the contribution of the root associated fixation to the
total N fixation was small when expressed per square
meter. Sulfur reducing bacteria were an important
component of N fixation, contributing from 20 to 53%
to the overall N fixation. A simple N budget was
created to determine if N demands are met following
P addition. The heterotrophic N fixation substituted in
part for autotrophic cyanobacterial N fixation when
P limitation was alleviated.
Keywords 15N  N budget  P limitation 
Rhizosphere  Sulfur reducing diazotrophs
Introduction
Research on biological nitrogen (N) fixation and its
role in maintaining soil N fertility in wetland
ecosystems has focused on coastal wetlands such as
salt marshes, mangroves (Pelegri and Twilley 1998;
Bagwell and Lovell 2000; Nielsen et al. 2001; Tyler
et al. 2003; Lee and Joye 2006; Moseman 2007), and
on rice fields (Eskew et al. 1981; Roger and Ladha
1992; Roger 1995). Data from freshwater wetlands,
however, are rather limited (Bristow 1973; Tjepkema
and Evans 1976; Scott et al. 2008; Cˇerna´ et al. 2009).
Two types of organisms are often responsible for
N fixation in wetlands: autotrophic cyanobacteria,
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which occur in benthic, floating, or periphytic
cyanobacterial mats (Rejma´nkova´ and Koma´rkova´
2000; Rejma´nkova´ et al. 2004; Inglett et al. 2004,
2009; Scott et al. 2005, 2007; Lee and Joye 2006),
and heterotophic N fixers in the rhizosphere or in
bulk sediments (Moseman 2007; Cˇerna´ et al. 2009).
Autotrophic N fixation prevails in oligotrophic and
mesotrophic wetlands where cyanobacterial mats are
often the main primary producers because macro-
phytes are nutrient limited (Rejma´nkova´ and Koma´r-
kova´ 2000; Scott et al. 2007). After eutrophication,
however, the growth of macrophytes often increases,
replacing cyanobacteria, and thus reducing autotroph-
ic N fixation. We have reported a significant increase
in heterotrophic N fixation in sediments exposed to
nutrient, namely phosphorus, enrichment (Cˇerna´ et al.
2009). It is plausible that the increased activity of
heterotrophic bacteria might help to replace the input
of N that was originally derived from cyanobacterial
N fixation.
Since the triple bond of atmospheric N2 is stable,
the reduction of N2 to ammonia during its biological
fixation is an expensive process energetically. There-
fore diazotroph incidence and activity depends on the
availability of energy rich carbon (C) source. The
continual input of easily available C into the plant
rhizosphere sustains high activity of root associated
microflora (Boyle and Patriquin 1981; Bergholz et al.
2001; Nielsen et al. 2001; Moseman 2007), and thus
diazotrophs are closely associated with plant roots
(Dakora and Drake 2000; Bu¨rgmann et al. 2005).
In addition to C availability, the activity of diazo-
trophs in wetland sediments is repressed by high
concentrations of ammonium (Howarth et al. 1988;
Cˇerna´ et al. 2009) and low concentrations of available
phosphorus (P) (Reed et al. 2007).
Diazotrophs comprise a taxonomically diverse
group that includes aerobes, microaerophiles, facul-
tative and strict anaerobes (Capone and Kiene 1988).
Anaerobes of particular importance in wetland and
water ecosystems are represented by Enterobacter
spp., Klebsiella spp., Vibrio spp., Desulfobacter spp.,
Desulfovibrio spp. and Clostridium spp. (Herbert
1999).
Sulfate-reducing bacteria can fix N and diazotro-
phy is widespead among mezophilic sulfur reducing
bacteria (Riederer-Henderson and Wilson 1970;
Postgate and Kent 1985; Welsh et al. 1996b; Steppe
and Paerl 2002). The abundance and activity of sulfur
reducing bacteria is driven by anoxia, the presence of
sulfates and high C availability. Reports of the
important contributions of sulfur reducing bacteria
to N fixation have been limited to coastal marine
sediments (Capone 1982; Capone and Kiene 1988;
Welsh et al. 1996b; Kusel et al. 1999). However, if
the above conditions are met, diazotrophic activity of
sulfur reducing bacteria can be expected in any
wetland ecosystem, including inland freshwater
wetlands.
N fixation is assessed using acetylene reduction
assay (ARA) with a substrate analog, acetylene
(C2H2). The rate of C2H2 reduction is converted to
the rate of N fixation using an estimate of the
C2H2:N2 reduction ratio. The theoretical reduction
ratio is 3:1, reflecting the number of reducing
equivalents required by nitrogenase to reduce C2H2
to C2H4 relative to the number required to reduce
N2 to NH4 (Zehr and Montoya 2007). However, this
ratio can vary from 1.5:1 to 100:1 (summarized in
Howarth et al. 1988) and a direct calibration through
15N fixation assay is needed to get reliable estimates
of N2 input to the ecosystem.
Here we report the heterotrophic N fixation and
contribution of sulfur reducing bacteria to N fixation
in sediment and rhizosphere of Typha domingensis
and Eleocharis spp. from inland wetlands in northern
Belize. These wetlands are limestone based marshes
that vary in size from small \1 ha marshes to large
shallow lagoons with water conductivities ranging
from 0.2 to 7 miliSiemens. The marshes are strongly
limited by P, although the status of some of them has
been changing recently due to increasing input of
nutrients from fertilizer runoff from sugar cane fields
and other crops (Johnson and Rejma´nkova´ 2005). The
unimpacted marshes are dominated by benthic cyano-
bacterial mats with scattered macrophytes, mainly
Eleocharis spp. (Rejma´nkova´ and Koma´rkova´ 2005).
In 2001, we initiated a long term manipulative
experiment using these wetlands as a model system,
to obtain a mechanistic explanation for an ecosystem
level response to increased nutrient input across a
salinity gradient. We have already confirmed that P
addition leads to almost total elimination of cyano-
bacterial mats due to the expansion of Eleocharis
cellulosa, and, eventually, the replacement of
Eleocharis by Typha domingensis (Rejma´nkova´
et al. 2008). We hypothesized that the loss of the N
input from the autotrophic N fixation by cyanobacterial
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mats can be replaced by the increased heterotrophic
N fixation in the rhizosphere and sediments (Fig. 1).
The activities of heterotrophic diazotrophs in sedi-
ment increased with higher input of organic C and a
more favorable C/P ratio of the plant litter (Cˇerna´
et al. 2009).
We focus on the following hypotheses:
(1) Total N fixation will be higher in rhizosphere
than in sediment and will be enhanced by P
addition, due to the higher input of available C
in rhizosphere.
(2) Sulfur reducing bacteria will contribute to the
overall diazotrophic activity as the studied
marshes have conditions suitable for sulfur
reducing bacteria development, with fair con-
centrations of sulfate in sediment and interstitial
water.
(3) The input of N2 from autotrophic N fixation can
be replaced by heterotrophic N fixation after
P addition. In our preliminary study, we found P
enriched soils to have dramatically higher
heterotrophic fixation rates than control soils
(Cˇerna´ et al. 2009).
To test these hypotheses, we measured diazotroph-
ic activities of sediments, roots, and litter in labora-
tory incubation experiments with and without the
addition of sodium molybdate, a ‘specific’ metabolic
inhibitor for sulfur reducing bacteria (Oremland and
Capone 1988). Nitrogenase activity was measured
using the acetylene reduction assay, which was
calibrated by 15N2 reduction assay. Using these
values and other data from the long term experiment,
we created a simple N budget to determine if N
demands are met following P addition.
Material and methods
Study site
Our study sites are located in lowlands of northern
Belize, Central America, in the Orange Walk and
Corozal districts. A detailed description has been
provided elsewhere (Cˇerna´ et al. 2009; Rejma´nkova´
et al. 2008). Briefly: the limestone geology and
occasional intrusion of seawater result in a diverse
range of water conductivities with large differences
in sulfate, bicarbonate and chloride. The climate of
the region is tropical wet–dry. The majority of
wetlands in the study area remain flooded or water
saturated year round, although the total flooded area
may vary as water levels rise and fall.
Main primary producers in these systems are
several species of emergent macrophytes (Eleocharis
cellulosa, E. interstincta, Cladium jamaicense and
Typha domingensis) and species rich communities of
microphytes represented mostly by cyanobacteria
(Rejma´nkova´ et al. 2004). Both macro- and micro-
phytes in these wetlands are P limited as has been
confirmed in cyanobacterial mats and Eleocharis
dominated marshes (Rejma´nkova´ and Koma´rkova´
2000; Rejma´nkova´ 2001). No nitrogen limitation has
been detected in any of the reported studies.
Fifteen marshes, five in each low, medium and
high salinity category, dominated by sparse macro-
phytes (Eleocharis spp.) were studied as a part of a
project to assess ecosystem response to nutrient
Fig. 1 Simplified diagram of organisms, nutrient pools and
interaction pathways in the study system (interactions are not
all inclusive to facilitate the clarity of the diagram). The
pathways that are quantified are indicated in gray; thickness of
the arrows indicates a rate of C input and N fixation,
respectively
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addition along a salinity gradient. Four 10 9 10 m
plots were established in each marsh in August of
2001, one represents a control, the remaining three
received N, P and N&P addition in August 2001,
August 2002 and March 2005. N was added as
ammonium nitrate and P as triple super phosphate in
amounts corresponding to 20 and 10 g m-2 y-1,
respectively. In March 2003, one individual of Typha
domingensis was planted in each plot. In the majority
of controls and N addition plots Typha plants
have not survived, while in P-amended plots they
have been growing vigorously. In January of 2005,
P-amended plots in six marshes were manipulated to
be half dominated by Eleocharis and half dominated
by Typha. Samples for this study were selected from
four of these six marshes (Table 1), two of low (LS)
and two of high salinity (HS).
Sediment and root sampling and analyses
In August 2007 (beginning of the wet season) and
March 2009 (middle of the dry season), sediment
samples were collected from control (LP) and
P-amended (HP) Eleocharis dominated (E) and Typha
dominated (T) plots. The plots were always flooded by
20 or more cm of water during the time of sampling.
Recently deposited, readily distinguishable plant litter
on the soil surface was removed gently before
sampling. From each sampling site, three randomly
located sediment samples were collected to a depth of
approximately 10 cm and sealed in a plastic bag.
Typha and Eleocharis root samples were collected
from the same plots as sediment samples in August
2007 (beginning of wet season), March 2008 and 2009
(middle of dry seasons). Four plants were extracted
carefully out of sediment to prevent extensive root
damage and roots, washed in surface water to remove
adhered particles and sealed in a plastic bag. Four
samples of floating cyanobacterial mats, approxi-
mately 10 9 10 cm in size, were collected from
control plots in 2002, 2004, 2008 and 2009 and placed
in shallow containers with a small amount of marsh
water. From each plot, interstitial water was collected
and transferred into 3 l plastic bottle. All of the above
samples were transported in a cooling box to the
laboratory and transferred immediately to a refriger-
ator. Samples were processed within 8 h after sam-
pling, as the activity of sulfate reducers was not
affected after exposure to air for 8 h (Blaabjerg and
Finster 1998).
Acetylene reduction assay (ARA)
Live roots were identified by color and structure, and
an equivalent of *200 mg DW were transferred to
100 ml containers with 50 ml of interstitial water
from the corresponding site. Bulk sediment was
obtained by removing plant material from sediment
with pair of forceps and 30 g were transferred to
100 ml containers with 20 ml interstitial water from
the corresponding site. Just prior to incubation,
glucose (final concentration 2 mmol l-1) was added
to each sample. The activity of sulfur reducing
bacteria on roots and in sediment was eliminated by
the addition of sodium molybdate (NaMoO4, final
concentration 20 mmol l-1) together with glucose
(Nielsen et al. 2001). Nitrogenase activity of sulfur
reducing bacteria was calculated as the difference
between untreated and treated with NaMoO4 samples.
The bottles were equilibrated to atmospheric pres-
sure, and 30 ml of headspace were removed, which
was replaced with 20 ml of N2 gas to lower the
Table 1 Characteristics of the marshes selected for the nutrient addition experiment
Marsh # Area (ha) Conductivity (mS cm-1) Sediment type Water depth (cm) NH4–N (lg l
-1) PO4–P (lg l
-1) SO4 (mg l
-1)
Low salinity
F10 4.7 0.231(0.068) Peaty Clay 38 (171) 246 (90) 8.16 (3.32) 5.8
F12 11.3 0.658 (0.164) Marly Clay 30 (170) 604 (318) 4.12 (1.76) 1.2
High salinity
F6 63.4 6.671 (1.479) Marl 28 (257) 166 (82) 3.93 (1.95) 1276.8
F7 18.2 5.667 (1.328) Marl 48 (150) 1151 (531) 8.53 (1.59) 618.3
For each marsh, values represent means and standard deviations of four 10 9 10 m plots for water conductivity, and interstitial water
NH4–N, PO4–P and SO4. Data are from August 2001, before the beginning of the nutrient addition experiment. Mean water depth and
and the maximum range (in parentheses) are given for the whole study period
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partial pressure of oxygen. Ten milliliters of C2H2,
prepared freshly from CaC2, were added to each
bottle, which were then shaken vigorously and
incubated under dark conditions at 28–30C for
24 h. At the end of the incubation, several ml of
headspace were withdrawn with an airtight syringe
and analyzed by a gas chromatograph, Shimadzu 14
GC with a flame ionization detector and a Porapak-T
column at 80C. Controls run with samples without
acetylene addition as well as blanks (empty bottles
incubated with 10 ml of acetylene) showed no
endogenous ethylene production.
For cyanobacterial mats fixation, we cut three
3 cm diameter circles from each collected cyanobac-
terial mats, using a cookie-cutter. Each circle was
placed in a bottle with 50 ml of the respective marsh
water and incubated without glucose addition. To
determine any differences between day and night
cyanobacterial mats fixation, the cyanobacterial mats
samples were incubated outdoors for 4 h during the
day (11 am–3 pm), while an independent set of
samples were incubated for 8 h during the night
(10 pm–6 am).
In 2007, 2008 and 2009, the dependence of the
overall nitrogenase activity on C substrate (glucose)
availability was tested. Nitrogenase activity was
measured on composite sediment samples after the
addition of glucose to final concentrations of 0, 0.016,
0.08, 0.16 and 0.32 mg C ml-1.
In 2007, the effect of sulfate concentration on
nitrogenase activity of sulfur reducing bacteria was
determined. Nitrogenase activity was measured on
composite Typha and Eleocharis root samples placed
in interstitial water from high salinity HP plots with
the addition of K2SO4 to the concentration typical for
sea water (2.45 g l-1).
15N reduction assay
The measurements were done as for the ARA but
10 ml of 15N2 (99atom%, Cambridge Isotope) was
added instead of C2H2. At the end of the incubation,
the content of containers was frozen, freeze dried and
ground on a Wiley mill. The initial 15N enrichment of
the sample was determined from the ARA samples.
The d15N (in relation to atmospheric N2 as the
reference standard material) was measured by an
isotope ratio mass spectrometer (IR-MS Delta X Plus,
Finnigan, Germany). Biomass specific N fixation rate,
normalized to organic N, was calculated as isotopic
balance (Montoya et al. 1996; Zehr and Montoya
2007):
V t1
 ¼ APPNfinal APPNinitialð Þ= APN2 APPNinitialð Þ
 1=Dt ð1Þ
Where PN is N concentration in the sample, AP is
15N enrichment (atom% 15N) of the sample or
substrate (N2) pool at the beginning (initial) and
end (final) of incubation; Dt is the length of
incubation. N fixation rate expressed in terms of
fixation of molecular N2 to organic material was then
calculated:
N fixation rate mol N2 g
1 h1
 
¼ V t1   PNfinal=2 ð2Þ
Phopsholipid fatty acid (PLFA) analysis
PLFA analyses were performed in sediment (*2 g
fresh weight) sampled in 2007 according to Frost-
ega˚rd et al. (1993). Phospholipids, in form of fatty
acid methyl esters (FAME) were quantified by gas
chromatography Hewlett Packard 6890 with FID
detector. Since the quantity of microbial PLFA is a
function of microbial biomass (Zelles et al. 1992), we
used the total amount of all bacterial PLFA identified
in the samples as an index of live microbial biomass.
Terminally branched monounsaturated PLFA i17:1,
a17:1, i18:1, typical for Desulfovibrio spp. (Kohring
et al. 1994) and 10Me16:0 typical for Desulfobacter
spp. (Taylor and Parkes 1983; Londry et al. 2004)
were used as sulfur reducing bacteria biomarkers.
Estimation of N input via N fixation
and budget construction
The nitrogenase activity measured using ARA was
converted to the actual N fixation activity using the
experimentally estimated reduction ratio of C2H4
to N2.
The N budget was constructed as the balance
between macrophyte N needs and N inputs through N
fixation and precipitation. Macrophyte N needs were
calculated as the difference between the proportion of
total N in biomass minus amount of N that is resorbed
from the senescing tissues.
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Biomass N ¼ NPP  Ntissueð Þ=100
where NPP is the biomass produced per year (g m-2)
and Ntissue is the amount of N in the biomass (%).
N needed ¼ Biomass N
 Biomass N  NREð Þ=100½ ;
where NRE is the nitrogen resorption efficiency (%),
i.e., the proportion of N that is resorbed from the
senescing tissues (for details on net primary produc-
tion and N resorption efficiency see Rejma´nkova´ and
Snyder (2008). For N input other than from fixation,
we included N from precipitation. N from precipita-
tion was estimated to be 0.36 g m-2 y-1 of combined
input of NH4–N and NO3–N, based on McDowell
(1998) and Borbor-Cordova et al. (2006). None of the
study sites has any significant surface inflow and the
ground water discharge is probably a minor compo-
nent of the water budget, considering that the average
precipitation is 1400 mm and potential evapotrans-
piration is 1490 mm (King et al. 1992). For contri-
bution of N fixation by cyanobacteria, we used the
average values of N fixation measurements (also
see Rejma´nkova´ and Koma´rkova´ 2005; Rejma´nkova´
unpublished). The amount of fixed N per square meter
per year was estimated from the average cyano-
bacterial biomass data from the 2001 marsh surveys
that resulted in values of 1026 and 925 g m-2 for low
and high salinity marshes, respectively (Rejma´nkova´,
unpublished). These values were in a close agree-
ment with the primary production data of 1024
and 691 g m-2 y-1 measured by Rejma´nkova´ and
Koma´rkova´ (2005).
Two scenarios: (A) Potential and (B) Estimated
actual heterotrophic N fixation provided estimates of
heterotrophic N fixation. Potential heterotrophic N
fixation under conditions of unlimited C supply was
estimated from our measurements. The measured
values of N fixation were adjusted to the actual C
input from root exudates and decomposition for
heterotrophic rhizosphere and sediment N fixation,
respectively, to estimate actual heterotrophic N
fixation. The amount of C exuded by roots was
estimated as 20% of total NPP using the 13C labeling
approach (Sˇantru˚cˇkova´ et al. 2009) assuming that all
exuded C was used by root associated microflora. The
amount of C from decomposition was estimated as C
released in the process of decomposition of shoots
and roots (for decomposition rates see Rejma´nkova´
and Houdkova´ 2006; Snyder et al. in preparation).
The N fixation activity of the sediment was
calculated for the upper 5 cm sediment layer and after
adjusting for sediment bulk density, was expressed in
g N m-2y-1. To express the rhizosphere N fixation,
we used data on belowground root NPP, which
was calculated from each plot’s quarterly collected
sediment in-growth cores (n = 3) (Snyder et al,
in preparation). Briefly, each in-growth core was
constructed of 2 9 3 mm flexible mesh, filled with of
native marsh soil devoid of roots, and incubated in the
soil of each plot, allowing roots to grow within it
for 3 months. Upon careful the excavation of each
in-growth core, the root biomass was removed and
separated into live and dead roots (for methodology
see Cˇerna´ et al. 2009)
Data analysis
Nitrogenate activity was measured in three (sedi-
ment) or four (roots) replicates, each from one
independent sample randomly collected from each
treatment. We used repeated measures ANOVA with
a year as within-subject factor with Neumann-Keuls
Post Hoc test (STATISTICA version 8.0) to evalu-
ate: (1) the effect of P addition, salinity, and sodium
molybdate on sediment nitrogenase activity, com-
paring LP/E and HP/E plots at the high and low
salinity sites; (2) the effect of plant species, salinity,
and sodium molybdate on sediment nitrogenase
activity, comparing HP/E and HP/T at the high and
low salinity sites and (3) the effect of plant, P
addition, salinity, and sodium molybdate on root
nitrogenase activity, comparing all the plots. We
could not compare all the plots evaluating sediment
nitrogenase activity due to the unbalanced design
(there are no samples of low P and Typha). Factorial
ANOVA was used to evaluate the effect of sulfate
addition. Linear correlation was used to estimate the
relationship between sediment and rhizosphere nitro-
genase activity, while linear regression estimated
nitrogenase activity dependency on C availability.
To estimate the uncertainty of the computed N
budgets, an error propagation technique was
employed, using the standard errors of all measure-
ments used to construct the budget (Bevington and
Robinson 2002).
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Results
Calibration of ARA through 15N2 reduction assay
In all types of samples (sediment, roots, cyanobac-
terial mats), the nitrogenase activity measured by
ARA was correlated closely to the amount of organic
15N measured in organic material (r = 0.807,
N = 60, y = 2.41x), denoting that the general N2
reduction:C2H4 reduction ratio was 1:2.41. Evaluat-
ing the correlation for each type of samples revealed
that each had a distinct N2 reduction:C2H4 reduction
ratio (Fig. 2). The N2:C2H4 ranged from 0.60 (sed-
iment) to 4.31 (cyanobacterial mats).
N fixation of sediment, roots, litter
and cyanobacterial mats
N fixation of all diazotrophs in sediments from
control plots was low, with a mean of only
0.229 nmol N gdw
-1 h-1, and was more than an order
of magnitude lower than P-addition plots (Table 2).
The increase between control and P addition was
lower at high salinity plots, but the effect of salinity
was insignificant. In P-amended plots, sediment N
fixation was always significantly higher in Typha as
compared to Eleocharis plots, and these differences
were strongest in the low salinity sites.
When expressed on a g DW basis, the N fixation of
root associated diazotrophs always significantly
exceeded that of sediment bacteria (Tables 2 and
3). Within control plots of low salinity marshes, N
fixation of root associated diazotrophs was higher in
Typha than in Eleocharis, but the opposite was true
for the high salinity marshes. N fixation of root
associated diazotrophs was also affected positively by
P addition, but again these differences were strongest
in the low salinity sites. In all P-amended plots, N
fixation of root associated diazotrophs was higher in
Typha than in Eleocharis. Rhizosphere N fixation
closely correlated to sediment N fixation (Fig. 3a).
Close positive correlation between root biomass and
N fixation in the sediment (Fig. 4a) and an exponen-
tial increase of C availability in the sediment with an











































roots roots SRB excl CBM
sediment sediment roots
roots DRB exclud CBM
Fig. 2 The relationship between 15N2 reduction and ARA for
roots, sediment and cyanobacterial mats (CBM). The slope of
correlation line denotes the N2 reduction:C2H4 reduction ratio.
Nitrogenase activity of roots and cyanobacterial mats is on the
left hand axis and sediment is on the right hand axis
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The cyanobacterial N fixation varied between
sampling dates and marshes (Table 4), but when the
amount of N fixed by cyanobacterial mats per year
was averaged over several sampling periods, there
were no significant differences between the low and
high salinity marshes with mean values of 2.20 and
2.99 g N m-2 y-1, respectively.
Nitrogenase activity associated with the sediment
and plant litter displayed very similar linear depen-
dency on C availability (glucose addition) in all
3 years tested. The slope of the regression line was
330.5 ± 30.7 (R2 = 0.97, N = 3).
Contribution of sulfur reducing bacteria
to total N fixation
The addition of sodium molydbate reduced N fixation
of sediment and root associated bacteria significantly,
indicating that a portion of N fixation is contributed
by sulfur reducing bacteria (Tables 2 and 3). When
evaluating each treatment separately, however, this
decrease was significant only in the P-amended plots,
apparently due to the high variability of the data from
year to year and among replicates.
The contribution of sulfur reducing bacteria-N fixa-
tion to the overall N fixation was on average 24 ± 17%
and 57 ± 25%, for root associated and sediment
bacteria, respectively. In the sediment, the elimination
of sulfur reducing bacteria-N fixation caused a signif-
icant decrease in N fixation in low salinity P-amended
plots (Table 2). Elimination of the sulfur reducing
bacteria-N fixation of root associated bacteria also
significantly decreased only in the P-amended plots. The
decrease was neither salinity nor plant dependent
(Table 3). Sulfur reducing bacteria eliminated N fixation
of root associated bacteria was correlated closely to that
of sediment (Fig. 3b) with the regression line having a
lower slope than that for the overall N fixation.
The overall N fixation of Eleocharis and Typha
root associated bacteria was not affected significantly
by sulfate addition to the interstitial water (Fig. 5).
However, the addition of sulfate affected the contri-
butions from the different microflora groups, espe-
cially in Typha. The proportion of N fixation from
sulfur reducing bacteria increased by 15 and 45% in
the rhizospheres of Eleocharis and Typha, respec-
tively. This test was run only with root material from
the high salinity plots as we did not want to expose
Table 2 N fixation (nmol N g DW-1 h-1) in sediment from low and high salinity marshes






LP/E Low 0.208 (0.021) 0.075 (0.001) 0.133 64
HP/E Low 14.75 (1.81) 2.19 (0.58)*** 12.6 85
HP/T Low 38.5 (6.15) 19.6 (1.87)*** 18.9 51
LP/E High 0.250 (0.023) 0.099 (0.034) 0.151 60
HP/E High 8.09 (2.96) 7.00 (2.69) 1.09 13
HP/T High 11.9 (1.94) 8.51 (2.69) 3.37 71
P effect [0.0001 Plant effect [0.0001
Salinity effect ns Salinity effect [0.0001
NaMoO4 effect [0.0001 NaMoO4 effect [0.0001
NaMoO4 9 P [0.0001 NaMoO4 9 plant Ns
NaMoO4 9 salinity 0.0002 NaMoO4 9 salinity [0.0001
P 9 salinity ns Plant 9 salinity [0.0001
NaMoO4 9 P 9 salinity 0.0002 NaMoO4 9 plant 9 salinity Ns
LP control plots, HP P-amended plots, E Eleocharis dominated, T Typha dominated, SRB-N fixation N fixation rate of sulfate
reducing bacteria
The values are averages from 2 years; three independent replicates were measured each year (N = 6) and standard deviations are
given in the parenthesis. The asterisks indicate significant difference between the total N fixation and N fixation after inhibition of
sulfate reducing bacteria. The estimated N fixation of sulfur reducing bacteria was calculated by subtracting the N fixation after
inhibition of sulfur reducing bactera from total N fixation
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root microflora adjusted to low salinity, to the
osmotic shock associated with high sulfate addition.
PLFA biomarkers for Desulfovibrio and Desulfob-
acter were always detected in the sediment and they
represented a relatively constant part of the microbial
community (see the comparison between years,
Table 5). No significant effect of salinity and phos-
phorus addition was found.
Estimation of N input via N fixation
and budget construction
Estimation of (A) potential heterotrophic N fixation
under conditions of unlimited C supply and (B) actual
heterotrophic N fixation adjusted for actual C input
from root exudates shows that for scenario (A), the
heterotrophic N fixation would provide enough new N
to cover potential macrophyte N requirements in the
P-amended plots (Tables 6 and 7). Under scenario
(B), N provided by heterotrophic N fixation in the
Eleocharis and Typha dominated P-amended plots
would be 72 to 81% and 41 to 82%, respectively, short
of plant needs (Table 7). Despite the high N fixation of
root associated bacteria expressed on dry weight basis,
their contribution to total heterotrophic N fixation was
several orders of magnitude lower than the contribu-
tion of sediment bacteria, which is due to the lower
root than sediment weight per square meter. At control
plots, heterotrophic N fixation was negligible and
most of the N required by macrophytes was provided
by cyanobacterial mats fixation (Tables 6 and 7).
Discussion
N fixation by sediment and root associated
diazotrophs
P addition had a significant positive effect on N
fixation of both sediment and root associated
Table 3 N fixation (nmol N gDW-1 h-1) in roots from low and high salinity marshes




% SRB- in total
N fixation
LP/E Low 1.15 (0.44) 0.54 (0.38) 0.61 53
LP/T low 29.9 (34.7) 26.1 (38.6) 3.23 11
HP/E Low 75.1 (18.6) 48.7 (41.9)*** 26.5 35
HP/T Low 121 (16.1) 84.7 (38.0)*** 36.3 30
LP/E High 29.0 (28.7) 13.4 (11.05) 15.6 54
LP/T High 5.82 (4.12) 3.90 (2.82) 1.92 33
HP/E High 62.4 (32.1) 47.8 (45.4)** 14.6 24
HP/T High 78.3 (26.4) 57.1 (54.2)*** 21.2 27




Salinity 9 P 0.0307
Salinity 9 plant 0.0006
P 9 plant 0.0284
Salinity 9 NaMoO4 Ns
P 9 NaMoO4 0.0004
Plant 9 NaMoO4 Ns
NaMoO4 9 P 9 plant 9 salinity Ns
LP control plots, HP P-amended plots, E Eleocharis dominated, T Typha dominated, SRB-N fixation N fixation rate of sulfate
reducing bacteria
The values are averages from 3 years, two independent replicates are used each year (N = 6) and standard deviations are given in the
parenthesis. Asterisks behind numbers indicate significant difference between N fixation of whole diazotroph community and that of
after sulfur reducing bacteria were inhibited
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diazotrophs. This result agrees with our previous
data, which illustrated that sediment P affected N
fixation positively (Cˇerna´ et al. 2009). The removal
of P limitation in P-amended plots stimulated mac-
rophyte biomass production, which we assumed to
provide higher C input into the sediment. Accord-
ingly, we found an exponential increase of C
availability in the sediment with an increase of root
biomass and a close positive correlation between root
biomass and N fixation in the sediment. Root
associated N fixation measured in this study was
higher than that of sediment N fixation, when
expressed on dry weight basis.
The higher N fixation in the rhizosphere can be
explained by the higher C availability in the rhizo-
sphere as compared to the sediment. All our results
indicate that once P limitation is removed, C
primarily limits diazotroph activity.
Root associated rates of N fixation, which we
expressed per square meter of soil, was much lower
than rates of sediment N fixation. This was caused by
the small proportion of root weight in the total
sediment weight. It clearly demonstrates that the
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Fig. 3 Relationship between (a) N fixation activity of root
associated and sediment diazotrophs and (b) N fixation activity
of root associated and sediment sulfur reducing bacteria (SRB).
Only data from 2007 and 2009, when both the sediment and
roots were sampled, are used
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Fig. 4 Relationship between (a) root biomass and N fixation
and root biomass and (b) available C and root biomass
Table 4 N fixation of cyanobacterial mats from several dif-
ferent time periods
Nitrogen fixation (N g m-2 y-1)







Mean (s.d.) 2.20 (1.02) 2.99 (2.08)
To convert acetylene reduction to N fixation, we used a
conversion factor of 4.31. To express the annual amount of
fixed N per square meter, biomass of 1026 and 925 g m-2 was
used for low and high salinity marshes, respectively
304 Biogeochemistry (2010) 101:295–310
123
ecosystem N fixation can be overestimated if N
fixation is solely expressed on root dry weight.
Role of sulfate reducing diazotrophs
In the majority of cases, sulfur reducing bacteria
contributed about 50 and 20% to the overall diazo-
trophic activity in sediment and rhizosphere samples,
respectively. Our hypothesis that this contribution
would be higher in marshes with higher sulfate
content was not confirmed because there was no
difference in the contribution of sulfur reducing
bacteria between low and high salinity sites.
Although our research plots are all inland wetlands,
the limestone geology, at places enriched with
gypsum, and the occasional intrusion of seawater
result in two orders of magnitude differences in the
sulfate content of the interstitial water (Table 1). The
sulfate content in the low salinity marshes (1.2–
5.8 mg l-1) is well in the range of values for
freshwater wetlands (Dodla et al. 2009), while sulfate
concentrations of 600–1200 mg l-1 in the high
salinity marshes approach about one half of the
typical saltmarsh sulfate concentrations (Koretsky
et al. 2005). As far as we know, N fixation activity of
sulfur reducing bacteria has not been assumed to be
important in freshwater wetlands, but the presented
results document that sulfur reducing diazotrophs
play an important role even in low salinity marshes.
Their contribution is substantially less than in marine
systems, where sulfur reducing bacteria are the
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Fig. 5 Total N fixation of root associated microflora from
Eleocharis (E) and Typha (T) high salinity P addition plots.
The roots were incubated in interstitial water with natural
salinity (0) or in interstitial water with K2SO4 (2.5 g l
-1). The
white portion of the columns refers to sulfur reducing bacteria–
N fixation (SRB), while the grey portion refers to non sulfur
reducing bacteria–N fixation (non SRB). Vertical bars denote
0.95 confidence limits and asterisks indicate a significant effect
of K2SO4 addition (factorial ANOVA, N = 4, P [ 0.001)
Table 5 Mean values (N = 6) and standard deviations in parentheses of total sediment microbial biomass (PLFA tot, nmol g-1 DW)
and sulfur reducing bacteria biomarkers (nmol g-1DW), i.e. terminaly branched monounsaturated PLFA (i17:1, a17:1, i18:1), typical
for Desulfovibrio and 10Me16:0 typical for Desulfobacter
Treatment Salinity PLFA tot SRB
2005* 2007 2005* 2007
LP/E Low 169.2 (9.1) 94.4 (8.65) 7.82 (0.37) 10.54 (1.08)
HP/E Low 242.3 (31.3) 131.3 (47.5) 8.57 (0.13) 8.14 (2.41)
HP/T Low 296.6 (53.7) 224.3 (48.3) 13.6 (6.9) 13.1 (3.54)
LP/E High 272.6 (52.2) 218.5 (41.9) 6.30 (0.31) 9.39 (0.66)
HP/E High 253.1 (23.8) 218.1 (41.9) 8.11 (0.29) 9.77 (0.53)
HP/T High 380.8 (23.2) 221.7 (23.0) 8.15 (0.64) 10.7 (0.88)
* Values measured 2 years before this research was performed. The samples were taken from the same layer of the sediment and
biomarkers were measured in the same way as referred here. For detail on sampling and NA activity see Pivnicˇkova´ et al. (2010)
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N fixation (Welsh et al. 1996a), yet they are a
significant component of N fixation. We believe that if
the marshes in our study site contained more sulfate,
sulfur reducing bacteria would contribute more to N
fixation, considering that the sulfate addition resulted
in an increase in N fixation of sulfur reducing bacteria
(Fig. 4).
We also found that sulfur reducing bacteria in the
sediment formed abou 5% of the total bacterial
biomass (expressed as a proportion of sulfur reducing
bacteria- PLFA biomarkers to total PLFA). Similarly,
Kusel et al. (1999) detected 11 and 6% of sulfur
reducing bacteria-PLFA biomarkers in the rhizo-
sphere and unvegetated sediments of seagrass beds,
respectively.
Sulfur reducing bacteria, even anaerobes, are able
to tolerate exposure to oxygen indicating that they
can experience periods of elevated oxygen tension,
which can increase during the day when oxygen is
produced by photosynthesis and transported to roots
(Kusel et al. 1999). Sulfur reducing bacteria possess
several oxygen defense strategies that allow survival
in conditions of transient oxidative stress (Dolla et al.
2006; Miletto et al. 2008). This observation explains
their occurrence and activity in the rhizosphere and
sediment that drought-stressed wetlands.
Budget
A long-term objective of the nutrient addition exper-
iment is to determine whether cyanobacterial N
fixation can be substituted by heterotrophic N fixation.
This question is of particular importance in a system
like ours, where, due to P addition, cyanobacteria are
eliminated by macrophytes with large N requirements.
An N budget was constructed including potential
heterotrophic N fixation under conditions of unlimited
C supply as well as adjusted to actual C input from
root exudates and plant litter decomposition. These
estimations illustrate that if carbon and energy were
not limiting, heterotrophic N fixation would provide
enough new N to potentially cover macrophyte N
requirements in P-amended plots. Assuming that C is
unlimited, however, is unrealistic. Therefore scenario
B, in which C supply it is estimated on the basis of
Table 6 Total nitrogen input from rain and from (A) potential heterotrophic N fixation under conditions of unlimited C supply and
(B) heterotrophic N fixation adjusted to C input from root exudates and plant litter decomposition
Potential N fixation (g m-2 y-1)
Salinity Treatment Roots Sediment Total heterotrophic
fixation
CBM Total fixation Rain input Total N input
Low LP/E 0.0666 0.592 0.658 4.02 4.68 0.36 5.04 (1.14)
Low LP/T 2.19 0.592 2.79 4.02 6.80 0.36 7.16 (1.72)
Low HP/E 8.78 34.4 43.2 0 43.2 0.36 43.5 (11.3)
Low HP/T 12.8 99.2 112.1 0 112.1 0.36 112.4 (28.9)
High LP/E 4.68 1.07 5.76 4.96 10.7 0.36 11.1 (3.42)
High LP/T 0.548 1.07 1.62 4.96 6.58 0.36 6.95 (2.43)
High HP/E 5.93 20.8 26.8 0 26.8 0.36 27.1 (6.86)
High HP/T 16.0 30.6 46.6 0 46.6 0.36 47.0 (13.0)
Actual N fixation (g m-2 y-1)
Low LP/E 0.0006 0.0105 0.0111 4.02 4.03 0.36 4.39 (1.13)
Low LP/T 0.0256 0.0135 0.0391 4.02 4.06 0.36 4.42 (1.13)
Low HP/E 0.135 3.05 3.19 0 3.19 0.36 3.55 (1.04)
Low HP/T 0.180 5.31 5.48 0 5.48 0.36 5.84 (1.57)
High LP/E 0.0273 0.0351 0.0624 4.96 5.03 0.36 5.39 (2.41)
High LP/T 0.0059 0.0231 0.0290 4.96 4.99 0.36 5.36 (2.41)
High HP/E 0.0657 1.04 1.11 0 1.11 0.36 1.47 (0.338)
High HP/T 0.136 1.90 2.04 0 2.04 0.36 2.40 (0.730)
Standard error (SE) of total N input, calculated by the error propagation of budget variables, is provided
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measured exudation and decomposition rates, is a
more appropriate estimate.
Although we use many assumptions to make these
budgets, this is the first step in modeling the N
balance. As we obtain more information, these
budgets will become more realistic. At this point
the following remain uncertain:
(1) In terms of processes, only N fixation was taken
into account and N mineralization and denitri-
fication were not included. We did not measure
these processes in the presented experiment, but
data measured in 2005 and 2007 are available
(Pivnicˇkova´ et al. 2010). Those data show that
both N mineralization and denitrification was
enhanced to a great extent in the P-amended
plots. However, N gain by N mineralization and
N loss by denitrification are by an order of
magnitude lower than N gain by heterotrophic N
fixation in the P-amended plots or by cyanobac-
terial N fixation in the control plots (Table 6).
These results suggest that our estimates of N
input using only N fixation data are neither
highly underestimated nor overestimated.
(2) The budget was constructed for the upper,
organic and most biologically active sediment
layer. Cˇerna´ et al. (2009) present N fixation data
also for the lower, mainly mineral sediment
layer (to the depth of 30 cm) indicating that N
fixation of this layer is lower but not negligible.
We did not include N fixation of the lower
sediment layer into the budget as more than
80% of roots are distributed in the upper layer
(Cˇerna´ et al. 2009; Snyder et al., in preparation).
(3) Sediment N fixation might be underestimated as
we assumed that the only source of C to the
sediment is decomposition of dead plant mate-
rial. We do not assume that the sediment N
fixation could be affected directly by C flux
from rhizosphere. It has been documented that
up to 96% of released C from roots is incorpo-
rated into microbial biomass (Yevdokimov et al.
2007) and more than 80% of released C is used
by rhizosphere microorganisms within 2 mm
distance from the roots (Sauer et al. 2006).
Given this observation, we believe that sedi-
ment N fixation was affected by higher C input
primarily from the decomposition of plant litter
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that both C sources are related. The exudation rate
correlates with primary production and relates to
the input of C to sediment via decomposition of
dead plant material. The litter from the enhanced
production due to P enrichment is also of better
quality having lower C/N and C/P ratio (Rejma´n-
kova´ and Snyder 2008; Pivnicˇkova´ et al. 2010).
(4) The slurry technique used in our experiments
may provide equivocal results in C addition
experiments because roots may be damaged
during slurry preparation. This action may
release and artificially increase the internal
pools of labile C during incubation (Welsh
et al. 1996b). In our experiments, potential N
fixation was measured after the addition of
glucose in excess (0.16 mg C cm-3). As docu-
mented by Cˇerna´ et al. (2009), N fixation
increased linearly with glucose additions until
about a concentration of 0.3 mg C cm-3, and
further additions had either null or even nega-
tive effect. On that account, labile C released
from roots could increase N fixation twofold in
maximum. This, coupled with the low propor-
tion of root associated N fixation in overall
heterotrophic N activity, leads us to believe that
any labile C released by root damage could not
result in a substantial overestimation of N
fixation by root associated microflora.
(5) The quantity and quality of C from exudates,
and decomposing litter need to be more precise.
Work on this objective is in progress.
Within the control plots, heterotrophic N fixation
was very low and its contribution to total N fixation
was negligible, illustrating that P-limited wetlands are
dependent on autotrophic N fixation of cyanobacterial
mats. Note that autotrophic N fixation provides the N
required for macrophytes to sustain their growth
(macrophyte N demand). In addition, N mineraliza-
tion measured in these control plots was negative
(Pivnicˇkova´ et al. 2010) indicating that N released
during mineralization of organic matter was used by
microbes to cover their N demand and as a result N
was not available to higher plants, which is a common
pattern for N limited ecosystems (Schimel and
Bennett 2004). In this study, however, macrophyte
tissue N in controls does not indicate any N limitation
and is equal to or even higher than in P-amended
plots (Rejma´nkova´ et al. 2008) and macrophyte N
resorption efficiency is relatively low, suggesting
that dominant macrophytes in controls are not limited
by N.
With the exception of low salinity Typha plots,
sediment N fixation in P-amended plots covered a
lower proportion of macrophyte N demand compared
to controls. However, evidence of macrophyte N
limitation in P-amended plots is not found in their
tissue N and C:N ratios.
In terms of N input to the wetland, root associated
diazotrophs do not play a crucial role. The contribution
of root associated N fixation to the total amount of N
fixed, expressed per square meter, is much less than
1%. It would be inadequate, however, to depreciate the
role of root associated diazotrophs as they also have
other growth promoting traits (better development of
roots due to production of plant-growth-factors,
enhanced resistance to pathogens, and enhanced
mineral uptake), which benefit the plant (Dobbelaere
et al. 2003; Van Dommelen and Vanderleyden 2007).
Conclusions
We demonstrate that in tropical marshes of northern
Belize:
(i) P addition can substantially increase heterotro-
phic N fixation of both sediment and rhizosphere
associated diazotrophs. Our long-term research
data indicate that heterotrophic N fixation is
induced by increased primary production of
macrophytes.
(ii) The contribution of root associated fixation to
the total N fixation is small if expressed per
square meter.
(iii) Sulfate reducing diazotrophs are important com-
ponent of N fixation even in low salinity marshes.
(iv) Heterotrophic N fixation can substitute in part
for autotrophic cyanobacterial N fixation when
P limitation is alleviated.
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